Palladium has found great application as an alloying element, as well as a catalyst. With the increasing use of palladium in jewellery and cosmetic dentistry in the form of alloys, a need has arisen for the development of rapid and effective methods for the determination of palladium(II) from real samples. The solvent extraction of palladium(II) with various chelating agents is a research-oriented subject of much importance and its analysis is of great concern.
Several organic reagents are used for the spectrophotometric as well as extractive spectrophotometric determinations of palladium(II). Recently, there has been a rapid growth in the popularity of sulfur-bearing ligands, such as thio-and phenylthiosemicarbazones, in analytical chemistry, for the spectrophotometric and extractive spectrophotometric determination of metal ions. [1] [2] [3] The metal chelates of these sulfur and nitrogen-containing organic reagents find a wide range of applications in medicine 4 and agriculture. 5 A thorough literary survey has revealed that many thiosemicarbazones are available for the extractive spectrophotometric determination of palladium(II). [6] [7] [8] [9] [10] [11] [12] [13] [14] However, the use of phenylthiosemicarbazones in the extractive spectrophotometric determination of palladium(II) is not fully utilized. Hence, pyridoxal-4-phenyl-3-thiosemicarbazone (PPT) is chosen as an analytical reagent for the determination of palladium(II), by extractive spectrophotometry, under established conditions. The proposed method, when compared with other spectrophotometric methods (Table 1) , is found to be more sensitive and selective. It also offers advantages, like reliability and reproducibility, in addition to its simplicity, instant color development and less interference. Finally, the developed method has been successfully applied to the determination of palladium(II) in synthetic mixtures and standard palladiumbased catalyst samples.
Experimental

Apparatus
A Shimadzu 240 UV-VIS spectrophotometer with a 1.0 cm quartz cell was used for absorbance studies. An Elico LI-120 digital pH meter was used for pH adjustment. A Perkin-Elmer 2380 atomic-absorption spectrometer was used to compare the results.
Reagents
All of the reagents used were of analytical reagent grade, unless otherwise stated.
Synthesis of pyridoxal-4-phenyl-3-thiosemicarbazone
Pyridoxal-4-phenyl-3-thiosemicarbazone (PPT) was prepared according to a reported method. 15 µg cm -2 , respectively. The correlation coefficient of the Pd(II)-PPT complex is 0.99, which indicates an excellent linearity between two variables. The detection limit of this method is 0.05 µg cm -3 . The instability constant of the Pd(II)-PPT complex calculated from Edmond and Birnbaum's method is 2.90 × 10 -5 and that of Asmus' method is 2.80 × 10 -5 at room temperature. The concurrent repetition of the method is checked and the relative standard deviation (RSD) (n = 5) was derived as 1.84 percent. The present method was applied to the determination of palladium(II) in synthetic mixtures and hydrogenation catalysts. The results were compared by employing an atomic-absorption spectrometer. temperature until yellow crystals were formed. These were separated and recrystallized from ethanol. The melting point of the obtained product was 150˚C and the yield value was 75%.
Buffer solutions
After 0.5 mol dm -3 sodium formate and 0.5 mol dm -3 formic acid solutions are prepared in double distilled water, suitable portions of these solutions were mixed to obtain the desired pH.
Preparation of a stock solution of palladium chloride
A sample of 1.664 g of palladium chloride was dissolved in a minimum amount of 2 mol dm -3 hydrochloric acid solution in a liter volumetric flask, and finally made up to the mark with an identical normal hydrochloric acid solution. This stock solution was standardized gravimetrically using dimethylglyoxime. 16 For an experimental purpose by diluting the stock solution suitably, more portions of the solutions could be prepared.
Recommended procedure
To an aliquot of a working standard solution containing 10.0 -180.0 µg of palladium(II) was added 3 cm 3 of a buffer (pH 3.0) and 2 cm 3 of a prepared reagent (0.5%) solution and 10 cm 3 using double-distilled water. The mixture was shaken twice with two 10.0 cm 3 of portions of benzene, each time for 1 min. These were allowed to settle for a few minutes. The organic phases were collected into a 25 cm 3 standard flask and made up to the mark with benzene. The absorbances of all the organic phases were measured at 460 nm against the reagent as a blank.
Results and Discussion
Pyridoxal-4-phenyl-3-thiosemicarbazone (PPT) produced a redcolored complex with palladium(II) in a sodium formate-formic acid buffer at pH 3.0. The 1:1 (M:L) complex was extracted into benzene, and exhibited a maximum absorbance at 460 nm. This was stable for 48 h. The conditions for effective extraction were established by studying the effects of various factors, such as the pH, choice of solvent, reagent concentration and saltingout agent, in order to develop a rapid and sensitive extractive spectrophotometric method for determining palladium(II) at microgram levels.
Absorption spectra
The absorption spectra of the Pd(II)-PPT complex and reagent showed maximum absorbances at 460 nm and 320 nm, respectively (Fig. 1) .
The reagent showed a minimum absorbance at the maximum absorbance of the complex. Hence, all of the spectral measurements of the complex were carried out at 460 nm.
Effect of the pH
The effect of the hydrogen-ion concentration on the Pd(II)-PPT complex into its organic phase was examined to determine a suitable pH range to be maintained in this determination. In each instance, a mixture containing 1.0 cm 3 of 9.3967 × 10 -4 mol dm -3 palladium(II), 3.0 cm 3 of a suitable buffer (pH 1.0 -7.0) and 2.0 cm 3 of 1.4095 × 10 -3 mol dm -3 PPT solutions were taken and made up to 10.0 cm 3 with double-distilled water. It was then shaken with 10.0 cm 3 of benzene for two min and allowed to separate into two layers. The organic extract was subsequently collected in a 25 cm 3 standard flask and made up to the mark with benzene. The absorbances of the organic extracts were measured at 460 nm against their corresponding reagent blanks. After extraction, the pH values of the aqueous phases were measured and noted. A plot drawn between the pH 1258 ANALYTICAL SCIENCES NOVEMBER 2002, VOL. 18 Fig 2. It is observed that the system exhibits constant absorbance in the pH range 1.8 -5.3. Hence, all subsequent studies were carried out at pH 3.0.
Effect of solvents
The effect of various solvents such as n-amylalcohol, isoamylalcohol, n-butanol, benzene, carbontetrachloride, chloroform, chlorobenzene, methyl isobutyl ketone, nitrobenzene and npropylacetate were studied. The results are reported in Table 2 . Of the various solvents employed for rapid extraction, benzene was found to extract the complex most effectively. Hence, benzene was chosen for further investigations.
Effect of the reagent concentration
The effect of the reagent concentration was studied using different aliquots of solutions containing constant volumes of a 1.0 cm 3 of 9.3967 × 10 -4 mol dm -3 palladium(II) solution and 3.0 cm 3 of a pH 3.0 buffer solution. To each solution, 1.0 cm 3 of the reagent solution containing different concentrations ranging from 0.9397 × 10 -3 to 9.3970 × 10 -3 mol dm -3 were added to obtain the maximum color development. The volumes of the aqueous phases were brought to 10 cm 3 with doubledistilled water.
The metal complexes were extracted individually into 10.0 cm 3 portions of benzene. These extracts were collected in 25 cm 3 standard flasks and made up to the mark with benzene. The absorbance values were measured at 460 nm against their corresponding reagent blanks. The results showed that a six-fold molar excess of the reagent to that of metal ion was necessary for a maximum extraction of the metal ion. Hence, a six-fold molar excess of the reagent was maintained for all further studies.
Effect of salting-out agents
Various salting-out agents such as magnesium sulfate, lithium nitrate, lithium sulfate and ammonium sulfate were tested to enhance the extraction of the metal complex into the organic phase in a single step. It was noticed that the addition of these salting-out agents had no effect on its absorbance. The aqueous phase was tested with dithiozone, which confirmed the absence of palladium(II) in it.
Validity of Beer's law, molar absorptivity, Sandell's sensitivity and the correlation coefficient
The Pd(II)-PPT complex system followed Beer's law in the range of 0.4 -6.4 µg cm -3 . The molar absorptivity of the Pd(II)-PPT complex was calculated to be 2.20 × 10 4 dm 3 mol -1 cm -1 , and the Sandell's sensitivity of the complex obtained from Beer's law data for D = 0.001 was found to be 4.85 × 10 
Ringbom plot for the Pd(II)-PPT complex
Ringbom's plot is the standard adopted to know the optimum range of the concentration for a system, which emaciates Beer's law. The plot is drawn between log C of palladium(II) and (1 -T) (where T is the transmittance). The plot has a sigmoid shape with a linear segment at intermediate concentration values ranging from 1.2 to 6.0 µg cm -3 , which indicates that palladium(II) is precisely determined in the range 1.2 -6.0 µg cm -3 . The slope of the plot from Fig. 3 is 1 .334. Based on this value, the ratio between the relative error in concentration and the photometric error is 2.555. For a photometric error of one percent, ∆P = 0.001. Hence, the relative error in concentration is 0.01724. 
Precision, accuracy and detection limit of the method
To assess the precision of the method, determinations were carried out with different concentrations of palladium(II) under the optimum conditions. The standard deviation was found to be not more than 0.0064, and the relative standard deviation was less than 1.84%. It is evident from these results that the method is precise, besides being accurate. The detection limit (Cmin) was determined as the amount of palladium(II) corresponding to thrice the standard deviation blank value. A value of 0.05 µg cm -1 was obtained.
Determination of the composition of the Pd(II)-PPT complex
The composition of the Pd(II)-PPT complex was determined by the slope analysis method. The distribution coefficient (D) of palladium(II) was calculated at different molar concentrations of PPT. The logarithmic plot of D versus [PPT]M (Fig. 4) gives a straight line with a slope of 1.00 indicating that the composition of the extracted species is 1:1. This was verified by molar-ratio and Asmus' methods. The results were discovered to be in good agreement with the slopeanalysis method.
Calculation of instability constant of the Pd(II)-PPT complex
The instability constant of Pd(II)-PPT was calculated using Edmond's and Birnbaum's method as well as Asmus' method. The absorbance values of organic extracts were obtained at 460 nm by shaking solutions containing fixed volumes of palladium(II) (1.0 cm 3 of 0.93967 × 10 -3 mol dm -3 ) and a buffer (pH 3.0) with different known volumes of (0.25 -2.0 cm 3 of 9.3967 × 10 -3 mol dm -3 ) PPT in the presence of benzene. The instability constant of the Pd(II)-PPT complex was calculated to be 2.90 × 10 -5 at room temperature by Edmond's and Birnbaum's method. In Asmus' method, the instability constant of the Pd(II)-PPT complex was calculated to be 2.80 × 10 -5 at room temperature. This value is in perfect agreement with the value obtained by Edmond's and Birnbaum's method.
Effect of diverse ions
In order to assess the applicability of the method developed for the analysis of real samples and synthetic mixtures containing palladium(II), the effect of the presence of various foreign ions on the extraction and spectrophotometric determination of palladium(II) was studied. In this study, it was Tartrate, thiocyanate, ascorbate, sulfate, carbonate and EDTA do not show any interference when present up to 5000 µg, while fluoride, chloride, bromide and iodide tolerate up to 2500 µg. The interference of Cu(II), Co(II), Zn(II) and higher amounts of Fe(III) was prevented by using 1.0 cm 3 of 2 percent EDTA as a masking agent. Cd(II) was masked by using 1.0 cm 3 of a percent thiocyanate solution.
Applications
The developed extractive spectrophotometric method for Pd(II) was successfully applied for its determination in synthetic mixtures and hydrogenation catalysts.
Analysis of palladium(II) in synthetic mixtures.
Various synthetic mixtures were prepared with different compositions of palladium(II) and analyzed employing the recommended procedure. The results are in perfect agreement with those obtained by direct atomic-absorption spectrometry. The results are given in Table 3 .
Analysis of palladium(II) in hydrogenation catalysts.
The proposed extractive spectrophotometric method has been applied for the determination of palladium(II) in hydrogenation catalysts, like palladium on calcium carbonate (Pd-CaCO3), palladium on barium carbonate (Pd-BaCO3), palladium on barium sulfate (Pd-BaSO4) and palladium on activated charcoal (Pd-C). About 0.3 g of the catalyst sample was treated twice with 10 cm 3 portions of aqua regia. The solution was then evaporated to 5 cm 3 . Up on cooling, the solution was diluted with 20 cm 3 of double-distilled water and filtered (using Whatmann No. 41 filter paper) into a 250 cm 3 was made up to the mark with double-distilled water. Suitable aliquots of this solution were taken and analyzed for palladium(II) using the recommended procedure. The results are furnished in Table 4 .
Conclusions
A thorough literary survey indicates that only a few phenylthiosemicarbazones are used in the extractive spectrophotometric determination of palladium(II). Some of these reagents have the draw back of low sensitivity, while some reagents are too unstable to be accepted as good choromogenic reagents. The present pyridoxal-4-phenyl-3-thiosemicarbazone (PPT) method developed for palladium(II) is rapid and precise. It has been successfully applied to the determination of palladium(II) in solutions of various materials containing as little as 1.0 µg cm -3 . The method is more selective in the presence of EDTA, because cations like Ni(II), Cu(II), Fe(III), Co(II) and Zn(II), if present, do not interfere with the extraction of palladium(II). A further advantage of the PPT over other available spectophotometric reagents is the determination of palladium(II) in the presence of other noble metals. The method has been successfully applied to the determination of palladium(II) in synthetic mixtures and hydrogenation catalysts. 
